A simple and rapid capillary electrophoresis method was developed for the separation and determination of ephedrine (E) and pseudoephedrine (PE) in a buffer solution containing 80 mM of NaH 2 PO 4 ( pH 3.0), 15 mM of b-cyclodextrin and 0.3% of hydroxypropyl methylcellulose. The field-amplified sample injection (FASI) technique was applied to the online concentration of the alkaloids. With FASI in the presence of a low conductivity solvent plug (water), an approximately 1,000-fold improvement in sensitivity was achieved without any loss of separation efficiency when compared to conventional sample injection. Under these optimized conditions, a baseline separation of the two analytes was achieved within 16 min and the detection limits for E and PE were 0.7 and 0.6 mg/L, respectively. Without expensive instruments or labeling of the compounds, the limits of detection for E and PE obtained by the proposed method are comparable with (or even lower than) those obtained by capillary electrophoresis laser-induced fluorescence, liquid chromatography -tandem mass spectrometry and gas chromatography-mass spectrometry. The method was validated in terms of precision, linearity and accuracy, and successfully applied for the determination of the two alkaloids in Ephedra herbs.
Introduction
Ephedrine (E) and pseudoephedrine (PE) are two major bioactive components in the herbal medicine Ephedra sinica (1) . Because of their diaphoretic, antipyretic, respiratory, antitussive and antiasthmatic effects, they are usually used for the clinical treatment of common cold, sinusitis, hay fever, bronchitis, rhinitis and upper respiratory allergies (2) . Therefore, studies on E and PE are of great and continuing interest in drug analysis and preparation. In pharmacokinetic studies, the separation and determination of E and PE at the low mg/L level, or even lower, is widely desired (3).
Gas chromatography (GC) (4 -6) and high-performance liquid chromatography (HPLC) (7 -10) have been presented for determination of E derivatives. Capillary electrophoresis (CE), with high efficiency, short analysis time, low operational cost and very low sample consumption (usually a few nanoliters), has also been introduced as a powerful complementary technique to HPLC and GC for the separation of E and/or PE in Ephedra herbs, preparations, foods or human urine (11) (12) (13) (14) (15) (16) . Unfortunately, due to the relatively small sample size used in CE, sensitivity is often a limitation. As a result, some sensitive extraction (17) (18) (19) or detection techniques have been developed, such as laser-induced fluorescence (LIF) and mass spectrometry (MS), for the sensitive determination of E and PE in Ephedra herbs, preparations or human urine (20 -22) . Despite the good sensitivity, MS and LIF are expensive for routine analysis. Moreover, extraction techniques and derivatization of the analytes by fluorescent reagents are time-consuming and laborious.
Due to its simplicity and practicality, field-amplified sample injection (FASI) has been shown to be of great value and practical applicability for CE (23 -25) . In FASI, by using electromigration injection, the sample solution of low concentration is added into the capillary, which is filled with a buffer of high concentration. When the sample ions pass the boundary between the sample matrix and the buffer, with high voltage applied, the ions experience a significant decrease in velocity because of the dramatic decrease of the local electric field, thus stacking at the boundary. Recently, a sensitive method has been developed for the determination of E derivatives by using headspace solid-phase microextraction (SPME) with a novel fiber, followed by FASI-CE (18) . In this work, a concentration factor of 120-fold compared to the hydrodynamic injection model was achieved by FASI.
This work aims to establish a simple, inexpensive, rapid and sensitive method for the separation and determination of E and PE by using capillary zone electrophoresis (CZE) -ultraviolet (UV) detection, which is available in a majority of laboratories. Coupled with the online concentration technique, FASI, an approximately 1,000-fold improvement was achieved in sensitivity without any loss of separation efficiency, compared with hydrodynamic injection. Furthermore, without expensive instruments or labeling of the compounds, the limits of detection (LODs) for E and PE obtained by the present method are comparable with (or even lower than) those obtained by CE -LIF (20 -22) , liquid chromatography-tandem mass spectrometry (LC -MS-MS) (9) and GC -MS (4, 5) . Using Ephedra sinica as a real sample, the approach was evaluated and validated for quantitative analysis. Combined with certain extraction techniques, it is promising for use in pharmacokinetic studies for E and PE at the low mg/L level or even lower.
Experimental

Chemicals and reagents
Analytical grade reagents, high-purity substances and double distilled water (DDW) were used throughout. Standards of E and PE as hydrochloride salts were obtained from the National Institute for the Control of Pharmaceutical and Biological Product (Chengdu, China). Hydroxypropyl methylcellulose (HPMC) and b-cyclodextrin were purchased from Sigma-Aldrich (Steinheim, Germany) and Fluka (Buchs, Switzerland), respectively. All other reagents were obtained from Kelong Chemical Reagents Factory (Chengdu, China). The herb sample, Ephedra sinica, was obtained from a local pharmaceutical store.
The stock solutions of E and PE at a concentration of 1.0 mg/mL, 80 mM of NaH 2 PO 4 and 3% of HPMC were prepared in DDW and stored at 48C in a refrigerator. The standard solutions were prepared by stepwise dilution of the stock solutions. The buffer solutions were adjusted to obtain the desired pH by 1.0 M phosphoric acid or sodium hydroxide.
Equipments
The experiments were performed on a lab-constructed CE system with a CL 101A high voltage supply and a CL 1020 UV detector from Cailu Scientific Instrument Company (Beijing, China). A fused-silica capillary of 75 mm i.d. was obtained from Yongnian Photoconductive Fiber Factory (Hebei, China). The total length of the 75 mm i.d. capillary for separation was 40 cm and the effective length from the inlet to the detection point was 32 cm. The new capillary was sequentially conditioned with 1 M of HCl, 1 M of NaOH and double distilled water (DDW) for 15 min. Between runs, the separation capillary was flushed with 1 M of NaOH, water and buffer for 1 min, with the aid of two syringes.
Sample preparation
The herbal medicine Ephedra sinica was crushed into fine powder by a disintegrator, and 10.0 mg of plant powder was weighed and extracted with 25 mL of water in an ultrasonic bath for 1 h. The extractant solution was removed from the ultrasonic bath and cooled to room temperature, and was filtered through a 0.45 mm membrane and stocked for further experiments. For the determination of E and PE in the plant extract, a 0.1 mL stock solution was diluted properly with water as a sample solution for experiments.
CE separation and detection
All separations were run in a buffer of 80 mM of NaH 2 PO 4 ( pH 3.0), 15 mM of b-cyclodextrin and 0.3% of HPMC. The detection wavelength was set at 214 nm. In non-stacking mode, the injection of the samples was conducted by hydrodynamic injection for 10 s by using gravity generated with a 14 cm height difference. For FASI stacking mode, first, the water plug was loaded using the non-stacking mode into the injection end of the capillary in 10 s; thereafter, two ends of the capillary were both transferred into sample vials with 1.5 mL of solution, and the analytes were electro-injected into columns by a high voltage of 9 kV for 40 s. Finally, during the separation process, a 9 kV positive polarity of separation voltage was applied with the background electrolyte (BGE) at two ends of the column.
Results
Linearity, precision and detection enhancement
Under the optimized conditions, calibration curves, detection limit and precision were obtained. The analytical performance data are listed in Table I . As shown in Table I , satisfactory linearity of E and PE was achieved in a range of 1.00 -100 mg/L with correlation coefficients of 0.9980 and 0.9976, respectively. The detection limits of E and PE were 0.7 and 0.6 mg/L, respectively, and the sensitivity was sufficient for determination without using expensive instruments, such as LIF (20) (21) (22) or MS (4, 5, 9) . The precision of the method was investigated by determining the intra-day and inter-day relative standard deviations (RSDs) of the migration time and peak area for five repeated injections. All results are listed in Table II ; RSDs for E and PE migration times varied from 0.49 to 2.53%, and RSDs of peak areas for the two compounds fell in the range of 3.81 -7.64%.
The enhancement ability of FASI-CE was evaluated by a comparison with the hydrodynamic injection of E and PE mixed standard solution at 50,000 mg/L for 10 s ( Figure 1A ) and the FASI injection of E and PE mixed standard solution at 50.0 mg L-1 ( Figure 1B) . As shown in Figure 1 , peak heights were basically the same, but the concentrations of the two standard solutions showed a difference of 1,000 times, indicating the remarkable stacking efficiency of FASI-CE for the selected template.
Sample analysis
To demonstrate the applicability of this method, it was used to determine the E and PE in an actual sample of the herbal medicine Ephedra sinica. The Ephedra extract was diluted 200 and 1,000 times, respectively, and determined under the optimal experimental conditions. In FASI-CE, the qualitative and quantitative analyses of E and PE were completed by the two parameters of migration time and addition of spiked standard. The diluted samples were directly determined and the recoveries for E and PE in the spiked samples (spiked levels of analytes were 5 and 20 mg/L, respectively) were in the range of 86.2 -102.6% (Table III) . The electropherograms of the diluted samples and spikes are shown in Figure 2 . The results demonstrated the potential of trace analyses of a sample by FASI-CE after efficient cleanup. 
Discussion
Optimization of separation conditions for the alkaloids
Selection of BGE Phosphate buffer is one of the most commonly used BGEs in the contemporary practice of CZE. Thus, NaH 2 PO 4 was chosen as the BGE in this work. Unfortunately, because of structural similarity, E and PE could not be completely separated in such a buffer solution, even after changing the concentration of NaH 2 PO 4 , or adding borate or an organic solvent such as acetonitrile. To solve the problem of the separation of E and PE, b-cyclodextrin (b-CD) was added to the buffer solution, in accordance with the previous work (26, 27) . The effect of different amounts of b-CD was also investigated, from 0 to 20 mM.
With an increased b-CD concentration, the retention time of E was more advanced than that of PE, and the resolution of E and PE was improved. The 15 mM amount was finally chosen for the following experiment.
Effect of BGE pH
The pH value of the BGE plays an important role in the separation of compounds. On one hand, the inherent electroosmotic flow (EOF) of CE will change when the pH increases or decreases; on the other hand, the ionization efficiency of compounds maintains a close link with the pH value of the buffer. In this work, the research was conducted from pH 3.0 to 6.0 by adjusting 80 mM of NaH 2 PO 4 with 1 mM of NaOH and 1 mM of HCl. The result in Figure 3 showed that with a decreased pH value, the analysis time was extended and the resolution of E and PE was increased. Therefore, the pH at 3.0 was the final choice.
Effect of HPMC
The addition of an EOF modifier can result in the reduction of the reaction between analytes and the inner wall of the capillary to obtain fine separation efficiency in a biological field (28) . Cellulose and its derivations, such as HPMC, are often applied to the buffer solution with the purpose of decreasing the migration velocity of EOF (29) . This experiment also found the same phenomenon with the addition of HPMC. As a consequence, a series of buffers with different concentrations of HMPC were chosen to study on the inhibitory effect of EOF. With increased concentrations of HMPC in the buffer solution, the migration times of E and PE gradually became longer, which resulted in a smaller EOF. The neutral molecule thiourea was added into sample as the indicator under the buffer with 0.3% of HMPC, but it was not detected until 90 min after injection. The results show that the EOF could be satisfactorily suppressed by a low concentration of HMPC. Therefore, 0.3% of HMPC was considered to be appropriate for further investigation.
Development of injection parameters for FASI
Effect of buffer conductivity Buffer solution conductivity (solution concentration) is an important factor for the stacking effect. A higher concentration of the buffer solution could achieve a larger electrical conductivity, which resulted in better enrichment effects and peak profiles of the compounds. However, a higher concentration of the buffer solution produced a greater ionic strength and a higher current in the electrophoretic running, and generated more Joule heat, which led to instability of the baseline and broadening of peaks. Based on this, 80 mM of NaH 2 PO 4 was a reasonable choice in this work.
Effect of water plug
In FASI mode, as long as the conductivity of the sample solution is lower than the conductivity of the background buffer solution, the field amplification effect could be generated. The sample ions were introduced by electric injection mode and generated aggregation in the capillary end, which changed the interface strength of the electric field and weakened the field amplification effect. The introduction of a low conductivity zone may enhance the field amplification places and improve the enrichment effect (30) . In this work, it was found that the introduction of a short plug of water before sample electrokinetic injection provided a high electric field strength from the beginning of the injection, thus yielding an improvement in concentration factor. The relationship between the water plug length and stacking efficiency of the analytes is shown in Figure 4 . All peak heights of the two compounds showed the same increasing trend with the water plug injection time from 0 to 10 s. However, above 10 s, a significant loss of efficiency was observed. Therefore, a relatively moderate injection time of 10 s was a good choice.
Effect of electrokinetic injection time and voltage
Injection time is another important condition of FASI-CE. In electrokinetic injection mode, the injection voltage directly plays the decisive role in the sampling volume of the analyte, thus affecting the enrichment effect. The peak heights of E and PE were sharply enhanced in a certain range of injection voltage (5 to 30 s), and they were slowly increased by the injection time at 40 s ( Figure 5 ). The longer the electrokinetic injection time, the more analytes were introduced into the columns. When the sampling time was extended to 50 and 60 s, a decline appeared of peak height and peak broadening for E and PE. Because of the boundary between the low conductivity zone and the buffer solution of high conductivity, the analyte still showed electromigration behavior. Although a water plug can inhibit migration in a certain period of time, if the injection time is too long, the previously stacked ions might move across the pseudostationary boundary from the water zone into the buffer area, resulting in an imperfect sample stacking process and peak broadening. Thus, the electrokinetic injection time of 40 s was considered. Similarly, sampling voltage also affected the amount of sampling and showed the same changing trend as injection time. The effect of sample injection voltage on peak heights was investigated in the range of 6.0 -12.0 kV. When the sampling voltage was 9.0 kV, the best stacking effect was obtained.
Conclusions
The present work demonstrated the strong potential for the detection of E and PE in trace compounds. Inclusion compounds were formed by b-CD with E and PE, which changed the properties of the template molecules and made the separation complete. Using a combination of FASI and CZE, a highly efficient concentration was obtained with over a 1,000-fold increase in sensitivity. For its sensitivity, repeatability and wide linear range, this method can be applied to trace analyses of E and PE. On the other hand, coupling with some extraction techniques, the high sensitivity and the low analysis costs make this method suitable for large-scale applications.
